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Summary Highlights

CGCM Smulations. Simulations have been conducted with the updated atmospheric model
(NSIPPL AGCM). Interannud variability isweak and biennid. Short smulations (5-10 years)
were conducted to test the sengitivity of ocean SST to mixed layer parameters, the
implementation of the surface mixed layer and to the eastern Pacific wind stress formulation.

Tier 1 Forecasts Routine 12-month forecasts conducted monthly with 9-member ensembles.

Tier 2 Forecasts Routine ensemble forecasts conducted monthly over Tier-1 forecast SST and
IRI consensus SST forecast. The latter are contributed to IRl multi-mode consensus forecast.

Predictability Studies: Nine 70-year AMIP-style smulations (1930-1999) have been conducted
for usein predictability studies. Other predictability studies have focused on the impact of SST
from different ocean basins on the atmospheric response during the 1982/83 and 1997/98 El

Nifio winters.

AGCM-LSM Experiments Intermodel comparisons of the strength of land-atmosphere couplings
included NSIPP, COLA, HadAM 3 and CCM3 models. Intermodel differences appeared to result
from differences in the treatment of boundary layer processes and moist convection. Anadysis of
s0il moigure initidization and itsimpact on seasond forecasts has continued usng AMIP-gyle
ensembles and forecast Smulations. The extent to which the initialization improves forecagts is
mixed.

Ocean Data Assimilation: The assmilation system has been updated to include the global
subsurface temperature observations and to process data from the GODAE server in Monterey.
A inity adjustment scheme cross-vaidated with independent measurements in the equatoria
Pecific has been shown to improve the temperature and zond velocity estimates aswell as
sinity. The EnKF development has proceeded to include bias estimation and tests of atimetric
data assmilation.

Land Data Assimilation: An ensemble Kaman Filter (EnKF) has been implemented for the land
data assmilation system and compared with the extended Kaman Filter (EKF) developed by

NSI PP science team members Jeff Waker and Paul Houser. The EnKF performs aswell asthe
EKF with only 4 ensemble members and can account for awider range of modd errors. The
EnKF thus appears to be amore promising gpproach to soil moigture initiaization.

AGCM development: Development has proceeded with the NSIPP2 AGCM which includes a
prognostic cloud condensate scheme as well as a shalow convection/PBL entrainment
parameterization scheme. Comparisons with |SCCP observations are encouraging. In addition,
parameter sweeps were undertaken in the NSIPPL AGCM to identify factors controlling the
formation of double ITCZs. Highly efficient convective precipitation (i.e., rapid auto conversion
and weak rain re-evaporation) exhibits a pronounced double ITCZ while low efficiency produces
adgngle TCZ.

LSM development: Tests of the catchment modd have continued as part of PILPS-2E. Other
developments have focused on the improvement of run off generation through improved
trestments of storm flow and base flow.



AGCM Smulations. Simulations a 0.5 degree resolution have been initiated. Thefirgt
experiments were short smulations of the 1997/98 El Nifio and 1998 La Nifla. Water vapor
digributions were redigtic. These smulations were conducted to demondtrate the feasibility of
conducting globa smulations at the resolution often used for regiond dimate modes.



Background

Understanding and predicting seasond-to-interannud climate varigtionsis aprimary goa within
NASA'’s climate research. The NASA Seasond to Interannua Prediction Project (NSIPP) has
been established as a core research and development activity at the Goddard Space Flight Center
(GSFC) to develop the use of existing and planned remote observing systems together with in

Stu observations for experimental predictions of seasond-to-interannud dimeate variations. By
focusing on the application of remotely sensed observations, NASA expects to make unique
contributions to the USGCRP, CLIVAR and GEWEX internationa research programs.

The NSIPP approach is based on the premise that coupled oceanatmosphere-land generd
circulation models (CGCMs) offer the best prospect for predicting tropica sea surface
temperature (SST) anomdies and of extending the prediction of globa precipitation and
temperature anomdies. The NSIPP CGCM is comprised of the NSIPP1 atmospheric modd, the
Posaidon quasi-isopycnad ocean modd and the Mosaic land surface mode (LSM). Coupled
amulations are run routinely at 2 degrees for the atmosphere and 1/3 degree for the ocean. Finer
resolution AGCM smulations, both 0.5 and 1 degree, are being run experimentaly.

NSIPP produces routine experimental ENSO predictions of SST for the tropical Pecific region
by assmilating subsurface temperature observations. The SST from these predictionsis used to
force coupled atmosphere-land (Tier 2) ensemble predictions. Ensembles alow the
characterization of the uncertainty of the forecasts. Categorica Tier 2 forecasts are presented on
the world wide web.

Developments in ocean data assimilation to improve the characterization of mode background
errors have been afocus for NSIPP. In particular, we have undertaken the development and
implementation of multivariate techniques needed when only subsurface temperature and/or
surface height observations are available. In the coming year we will include the T-S correction
scheme and sea surface height observations in the initidization of the coupled forecasts. Tests of
the ensemble Kaman filter with the globa modd will be conducted.

Land data assimilation has dso been one of NSIPP s priorities and for this we have maintained a
close collaboration with our science team. In the coming year we will begin testing the impact of
land surface initidization on Tier 2 forecadts.

NSIPP will continue to examine the predictability of El Nifio and other mgor climate variations
on seasonal-to-interannud time scales and the predictability of extra-tropica sgnds. During the
year we have begun two collaborations of specid note: participation in the Earth System
Modeling Framework (ESMF) consortium, and participation as aNOAA/OGP/CDEP Applied
Research Center (ARC) to contribute to IRI and NOAA/NCEP/CPC operational forecasts.



Summary of Activities, January 2001 — January 2002

1. CGCM Experiments

CGCM experiments have been conducted to explore the dependence of coupled modd SST
biases on ocean model parameters (penetrating short wave radiation, mixed layer parameters,
vertical mixing) and on the coupling in the eastern equatorid Pacific. Cold biasesin the
subtropical and midlatitude SST led us to test the sengtivity both to artificia low leve cloud

(fog) and to the floor vaue used to caculate evaporation. However, we were not able to reduce
the bias, but rather found alarge sengitivity to some of the congtraints imposed on mixed layer
entrainment. This led usto reformul ate the representation of the mixed layer in the modd.

Ingtead of defining the topmost layer of the modd to be the mixed layer, the mixed layer depth
(MLD) was diagnosed from a Sterl and Kattenberg (1994) implementation of the Kraus- Turner
formulation and then used merely to define the depth over which enhanced mixing was imposed.
Forced ocean smulations were used to assess the model performance in terms of MLD and near-
surface ocean structure composed with ocean surveys. A multi-decade coupled smulation has
been re-initiated in early 2002.

2. Forecasts

2.1 Tier-1forecasting system for 2001-2002

During 2001, the tropicd Pacific surface temperatures were colder than normd in the east and
warmer than normal in the west and centra Pacific, especidly after May 2001. This cold ENSO
sgnd was associated with an intensified mean Walker circulation with a negative annua mean
zona wind stress anomaly on the equator from 170E to 80W. Annua mean wind stress was near
norma from 140E to 170E. However, strong westerly wind bursts occurred over the western
Pacific after May 2001 compensating for the stronger than normal essterlies observed before
May 2001. The strongest of these bursts was observed in December 2001.

These wind bursts were accompanied by weak warm Kevin waves that were not able to affect
the eastern Pacific surface until the December event. When subsurface temperature anomaliesin
the western and centra Pacific were aslarge as 6°C. These anomalies propagated eastward. A
amilar subsurface evolution was observed in 1991- 1992 without a Sgnificant ENSO evert and
in 1997-1998 El Nifio with amgor ENSO event.

The 2001 ENSO forecasts with the NSIPP vO system were consstently calling for aweak
warming of the eastern Pacific that never occurred (Figure 2.1). This behavior can be attributed
to awarm subsurface temperature anomaly in the western Pacific present in theinitia

conditions. The modd propagated this anomaly eastward with a decreasing amplitude.

The NSIPP vO forecasting system (with latest initidization for this report being January 2002)
suggests that no ENSO event will occur during 2002. This evolution is based on the formation
of negative subsurface anomalies that result in a premature end to the El Nifio evolution aswas
observed during 1991-1992.



Figure 2.1 Ensemble forecast of Nifio 3 averaged temperature anomalies (blue thin lines) versus the observed
anomaliesfor year 2001.

2.2 Analysis of the CGCM v0 Forecast System (Tier 1)

The optima configuration for an ENSO forecasting system is agood mode of the phenomenon
itself and aredigtic forecast initidization. How good amode it has to be and how closeto

redlity it hasto be initidized is fill unknown. Currently, the weakest aspect of ENSO

forecagting with coupled generd circulation models seems to be the inadequate representation of
the phenomenon itsdf. Most coupled models, when alowed to evolve fredly for decades, show a



wesker ENSO signd with shorter time scales than observed. In fact, in many cases not only the
interannua variability but dso the mean dimate and annud cycle are deficient.

The CGCM v0 underestimates both amplitude and extent of SST anomdies dong the equator
(Figure 2.2). The weakness of the smulated surface ENSO signd isrelated to aweek sgnd
subsurface (Figure 2.3). For both observations and smulation the maximum subsurface
temperature varigbility isfound in the mean thermodline, but the amplitude of Smulated
anomdiesis about hdf that of observations. The two first EOFs of subsurface temperature
anomalies describe the role of the ocean during evolution of an ENSO event. The second EOF
leads the first by 9 months for observations and 7 months for the model. Temperature anomalies
first appear in the western Pecific a the leve of the mean thermocline and then propagate
eastward towards the eastern Pecific surface following a path defined by the mean thermocline.
The faster timescae for the trangition between EOF2 to EOFL of the smulated temperature
anomalies indicates a shorter mean periodicity for modeled ENSO events. Indeed, the dominant
timescae for the model ENSO is quas-biennid in the CGCMVO. It isworth noticing that the
mode sgnd in the western Pacific is much wesker than observations. Thisis perhagps dueto a
weeker amaospheric forcing resulting from the wesker SST anomdiesin the eastern Pecific.
Such abias should not be very important for ENSO forecasts because data assmilation initidizes
the western Pacific with the correct temperature anomaly. However, if the amplitude of this
sgnd cannot be maintained while it propagates eastward then the negative impact on aforecast
isclear.
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Figure 2.2 Standard deviation of Sea Surface Temperature anomalies. The upper panel is computed using the
Reynolds observations, the lower from NSIPP's CGCMVO.
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Figure2.3a Top panel: standard deviation of temperature
anomalies along the equatorial longitude vs. depth plane,
Middle panel: first EOF of temperature anomalies along
the equatorial longitude vs. depth plane and Bottom panel:
second EOF. The NCEP ocean analysis.
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Figure2.3b Same as Figure 2.3afor the NSIPP

CGCMvO0 simulated temperature field.

Review of the adjustment to the free coupled climate and of the forecast performance.

The current initidization procedure of the NSIPP forecadt initiates two, possibly interacting
adjusments. Firg, the ocean mode adjugts fromiitsinitid state, which containsinformation
from the red world, towards its own dynamica representation of thisworld. This adjustment
can be defined by an experiment where the ocean mode evolves in forced mode from an
assmilated initid gate. Secondly, when the atmospheric and ocean mode s are coupled, errors
in boundary layer representation play asgnificant role in producing an unredigtic mean climate
and variability. We have shown previoudy that initidization of the ocean Sate by assmilating
TAO temperaure increases the prediction skill of interannua SST anomalies. To compensate
for the coupled adjustment (drift), the anomdies are defined as departures from the mean drifting
forecast (annua cycle and mean state) as proposed by Stockdale (1997).

The evolution of the mean Nifio 3 average SST and the evolution of the standard deviation of
anomalous SST as afunction of forecast lead time are presented in Figures 2.4aand 2.4b
respectively. The mean Nifio 3 SST of the coupled modd isamost identical to the observed for
the first month after initidlization. It then undergoes arapid cooling until the 6" month after
which it remains congtant. Further evolution of this quantity is expected as the mean Nifio 3 SST
of the free coupled modd is 26 degrees Celsusi.e, very close to the observed vaue (Reynolds
and Smith, 1995). Figure 2.4b shows that the standard deviation for each month after
initidization isinitidly stronger than observations but then drops rapidly reaching the level
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found in the free coupled modd at about 7 months after initidization. Thus the mechanisms
responsible for weak SST anomaliesin the free coupled modd act on short time scales.
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Figure 2.4a Evolution of the mean annual SST average over the Nifio 3 area as afunction of lead time from
initialization.
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Figure2.4b Asfor 2.4a, but for the standard deviation of temperature anomalies averaged over the Nifio 3 area.
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23AGCM-LSM (Tier 2) Forecasts

Two sets of Tier 2 forecasts are produced routingly every month and posted at
http://ndpp.gsfc.nasa.gov. Each isan ensemble of four-month runs of the amosphere-land

mode using prescribed, forecast SSTs. The two sets are conducted with NSIPP and NCEP Tier
1 forecast SST respectively. The latter set is comprised of 9 ensemble membersand are
contributed to the IRl multi-model consensus forecast.

3. Predictability Studies
3.1 Tier 2 Predictability with the NSIPP AGCM

Our focus this year has been on the analysis of a number of long AMIP-gyleruns. These consst
of nine 70-year Imulaions (1930-1999) forced with observed sea surface temperatures. We
have aso carried out severa smulaionswith idedized SST. These consgt of runswith

perpetua ENSO warm or cold conditions (to examine the nontlinearity of the response to
ENSO), and runs forced with the 2 polarities of the dominant low frequency (> 6years) pattern of
SST vaiability (Figure 3.1). The latter is a pan-Pacific anomaly pattern that appearsto play an
important role in the development of long term drought in the United States Great Plains.

We have continued our andyss of northern winter variability, focused on distinguishing

between the variability thet isforced by the SST and that variability that isinternd (or free) to

the atmosphere. We showed that rotated EOFs are a useful tool in that regard, and should help to
better isolate the forced variability in the observations, especialy on monthly time scales.

We have dso carried out adetailed andysis of the nature of the differencesin the atmospheric
anomdlies during the 1982/83 and 1997/98 El Nifio winters. A large number of Smulations were
carried out with SST anomadies confined to different ocean basins to help clarify the importance
of the SST in different locations as well asto determine the importance of the memory of the
initia amospheric conditions.

3.2 Predictability: Comparisons With Other AGCMs

An ongoing collaboration with Arun Kumar at the Nationa Centers for Environmental
Prediction (NCEP) centers on the northern summer seasond prediction problem. Our current
work compares the predictability of the zonally-symmetric and asymmetric components of the
flow during summer and winter in both the NCEP and NSIPP models. The results highlight the
importance of the zondly symmetric flow during the northern summer.

A collaboration with David Straus of COLA involves acomparison of severa different models
(NSIPP, NCEP and COLA) with afocus on the variability and predictability of seasonal means
during the trangtion seasons. The andysis attempits to extract the varigbility that is most
predictable based on amethod that maximizes the sgndl to noiseratio. The results show rather
griking differences between the spring and fall seasons.
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Figure 3.1 Top panel: The correlation between the leading low frequency (time scales longer than 6 years) pan
Pacific SST principal component (PC) and the low frequency ensemble mean precipitation for the period 1930-
1999. Bottom panel: Same as the top panel, except for the ENSO SST PC computed from the residual (total-low
frequency) SST fields.

10



4. Coupled AGCM-LSM Experiments

Our studies of land-atmosphere interaction have progressed substantidly thislast year, as
indicated by the following summary.

a Soil moisture memory. The paper describing our work on what controls soil moisture
memory (summarized in last year's report) has been revised and is now published (Koster and
Suarez, 2001).

b. Our intermodd comparison of the strength of land-amosphere coupling (introduced in last
year's report) has been extended to four models, and a paper describing the results has been
accepted for publication in the Journd of Hydrometeorology (Koster et d., 2002). Themain
result of the study is shown in Figure 4.1. Plotted for each of the four modelsisthe globd field
of aderived coupling index tha varies from zero, Sgnifying no coupling strength, to one,
ggnifying avery high coupling strength.  The NSIPP mode appears to have the highest
coupling strength of the four. The study does not attempt to evauate the rdative redism of the
models, since rea-world vaues of coupling strength are unknown; rather, the ideaisto present
the intermodd differences as an indication of current uncertainty associated with the modeling of
coupled processes. Theintermode differences appear to result from differences in the treatment
of boundary layer processes and moist convection.

Qe[R] - Qp[W]: Impact of Land BCs on 3-Day Precipitation
NSIPP CCM3/BATS

100 1.00
.80 o 080
0.80
0T
0.65
060
088
050
045
L]
0.35
0.30
025
020
0.15
o1
0.08
0.08
0.00

0.80
0T
0.65
060
058
050
045
040
0.35
0.30
025
020
015
o1
0.08
0.08
0.00

.00
0.00
080
L]
065
060
.55
050
045
040
0.35
0.30
028
020
015
011
0.08
0.05
000

1.00
0.80
080
0.F0
065
060
.55
0.50
045
040
0.35
0.30
028
0.20
015
011
0.08
0.05
000

1a0 120 B0 o BOE 1206 180

Figure 4.1 The degree to which precipitation generation istied to surface conditions for four different GCMs. To
produce the plot, each modeling group generated an ensemble of one-month July simulations, with each ensemble
member forced to maintain the same (spatially -varying) time series of land surface states. The coupling index is
related to the degree of coherence in the precipitation signal amongst the ensemble members. (Ocean effects are
subtracted out via supplemental ensembles.)
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¢. Themain focus of our work in 2001 has been the andysis of soil moisture initidization in the
NSIPP Tier 2 system and itsimpact on seasona forecasts. For each boreal summer during 1997-
2001, we generated two 16-member ensembles of 3-month smulaions. Thefird, “AMIP-
syle’, ensemble establishes the degree to which a perfect prediction of SSTswould contribute to
the seasond prediction of precipitation and temperature over continents. The second ensembleis
identicd to thefirdt, except that the land surface isdso initidized with “redistic’ soil moisture
contents through the continuous prior application (within GCM smulations leading up to the

gart of the forecast period) of adaily observationd precipitation data set. A comparison of the
two ensembles shows that soil moistiure initidization has a gatisticaly sgnificant impact on
summertime precipitation and temperature over ahandful of continenta regions, asindicated in
Figure 4.2. Furthermore, our analysis shows that these locations could have been predicted
ahead of time by diagnostically identifying regions with (1) atendency toward large initid soil
moisture anomdies, (2) a strong sengitivity of evaporation to soil moisture, and (3) a strong
sengtivity of precipitation to evaporation (Figure 4.3). This approach to identifying regions of
impact prior to making forecasts may have relevance to other forecasting systems. The extent to
which the initidlization actudly improves the forecast is mixed; improvement is seen in some

years but not in others. The focus of research in 2002 will be athorough investigation of this
mixed performance.

¥ PROBABILITY OF SOME IMPACT DURING 5 YEARS: Soil Moisture
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Figure 4.2 Composite maps showing the locations where, in a series of ensemble forecast experiments, June 1 soil
moisture initialization had a significant impact, at least once during the 5 years studied, on JJA soil moisture (top),
JJA precipitation (middle), and JJA surface temperature (bottom). Significanceis at the 99% level.
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Figure 4.3 Product of three quantities related to soil moisture'simpact on precipitation: (1) characteristic size of

initial soil moisture anomaly, as measured by the standard deviation of total June 1 soil water (in units of degree of
saturation); (2) slope of the evaporation ratio versus soil moisture relationship; and (3) convective fraction. Because
al three quantities must be large for soil moisture initialization to affect subsequent precipitation, their product isa
crude measure of the potential for such an impact. The locations where the product is large do, in fact, agree with
the patterns shown in the middle plot of Figure 4.2.

d. Researchinto theimpacts of interannually varying vegetation phenology, described in last
year's report, has been completed, and a paper describing the results has been submitted to the
Journd of Hydrometeorology (Guillevic et d., 2002).

5. Ocean Data Assimilation
5.1 A Hierarchy of Systems

NSIPP is currently testing three ocean data assimilation systems (ODAYS), each with increasng
degrees of sophidtication in the sequentia estimation hierarchy. The three sysems are univariate
optima interpolation (UOI), multivariate optimd interpolation (MvOl), and the ensemble
Kaman filter (EnKF). For the UOI, only temperature data are assmilated and only temperature
is corrected directly by the assmilation procedure. For the MvOI, al components of the ocean
date (temperature, sdinity, currents, sea surface height) are corrected directly by the assmilation
even if asngle varidble, such as temperature or sea surface height, isassmilated. For the MvOl,
the error Satidtics, both level of error variance and structure of covariances, remain fixed
throughout the assmilation cycle. The error atigtics for the MvOI have been estimated from a
sngle snapshot of an ensemble of ocean runs. In contrast, the EnKF uses the evolving spread of
an ensemble of ocean ates to estimate the evolving multivariate error datistics.

5.2 Univariate Optimal Interpolation — Correcting Salinity

Assamilation of temperature data has improved the quaity of ocean Sate estimates used to
initialize the coupled model forecasts conducted by NSIPP. Nonethdess, deficienciesin the
dengty fied are dill present. One of the main reasons for such deficienciesis related to the fact
that sdlinity is not andyzed and its effect on the density field is not negligible. We have
implemented the scheme of Troccoli and Haines (1999, hereafter TH99) to correct sdinity even
though only temperature observations are assmilated. Sdinity increments are derived from a

13



scheme that uses the andyzed temperature along with the mode temperature and sdinity to
preserve the mode's water masses.

The scheme was cross vaidated with independent measurements of temperature, dinity and
zond veocity from TAO sarvicing cruises (Johnson et d, 2000). Two experiments were
performed: a) only temperature updated (TOIl) and b) both salinity and temperature updated
(TOIS) with dinity increments given by the TH99 salinity scheme. For reference, athird run
with no data assmilation (CNT) was conducted. The effectiveness of the sdinity schemeis
reflected not only in a better sdinity field but o in improved zond velocity and temperature
fidds. In particular, aroot-meansquare difference (RMSD) anadlysis with respect to
obsarvations in the Nifio4 and Nifio3 regions shows an average improvement, of TOIS with
respect to TOI, of 57% in the Hinity fidd and of 32% in the temperature field in the upper 900m
(Figure5.1a-d). Also, the zond velocity fied isimproved by an average of 17.5% in the upper
450m where observations are available (Figure 5.1e-f). The schemeisnow being used for globa
assmilation of dl avalable temperature profiles.

RMS differenca: MODEL vs, JMRM
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Figure5.1 RMSD between the three model runs (TOI, TOIS and CNT) and observ ations as a function of depth for
the 35 transects analyzed by (Johnson et al, 2000) grouped inNifio4 (a,c,e) and Nifio3 (b,d,f). Temperature RMSD
(a-b), sdinity RMSD (c-d) and zonal velocity RMSD (e-f).
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5.3MVOI —Validation and tests of the robustness of the covariance estimates

We have estimated modd forecast error satistics by Monte-Carlo techniques from an ensemble
of modd integrations generated by forcing the ocean mode with an ensemble of ar-sea fluxes.
An important advantage of using an ensemble of ocean satesisthat it provides a natural way to
estimate cross- covariances between the fields in the context of the governing dynamica

bdances. Thisinitid implementation attributes al of the ocean model forecast error to
uncertainties in the longer time scale surface flux anomalies, since differences between the
ensemble members were due to atmospheric internd variability.

A cross-vdidation was conducted for the MvOI asfor the UOI. Results were broken down by
hemisphere since the dinity structures are different on elther side of the equator. From the

RMS errors between the modd runs and CTD data shown in Figure 5.2 it is evident that while
both UOI and MvOI brought the temperature field closer to the observed, only the MvOI
improved the sdlinity aswell. However, the improvements are not as marked as for the UOI
with salinity adjustments presented earlier. Different ratios of observationa to forecast error
variance were used in those experiments so the results require closer scrutiny.

The error covariance matrix of the MvOI was expressed in terms of empirica orthogona
functions (eofs) which offer away to compactly store the matrix and isolate the leading
directions of varigbility and possibly further reduce the dimension of the problem. How well
does a particular set of eofs estimated from an ensemble of snapshots represent the dominant
error subspace? Does this subspace vary sgnificantly with season or exhibit interannua
variability? To answer these questions we projected an ensemble of ocean ate anomdiesat an
arbitrary date onto a given set of eofs and andlyzed theresduds. If the residuds from the
projection (i.e. that portion of the “signd” that is not in the space spanned by the eofs) are noise-
like, this means that the eofs captured the significant information regarding the modd error
covariance structure.

We examined the residuals using severd sets of basis eofs and severa sets of states projected
onto these bases. Our analysisindicated that the model error covariance matrix could be
represented by areduced set of eofs, allowing for an efficient analysis and thet the covariance
estimates appear to be robust in that the model error covariance structure does not exhibit
ggnificant seasond or interannud variaions.

We are now in the process of implementing this methodology for the globa mode. In doing
this, we are exploring ways to most efficiently and effectively generate the ensembles and keep
the ensemble sze smdl. We are dso exploring ways to include sources of error beyond those
due to surface forcing.
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Figure 5.2 RM S difference between simulations and data for temperature and salinity, averaged over all available
CTD profilesfor the period 7/1996 - 12/1998 (Johnson et al., 2000). Temperature (a,b,g,h), salinity (c,d,i,j) and
zonal velocity (ef k,l) datais shown for northern and southern halves of the Nifio 3 (150°W -90°W) and Nifio 4
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5.4 Multivariate Ensemble Kalman Filter Development and Applications
Accounting for biased model errors

Aswith most ocean models, the vertica structure from the Poseidon modd in the equatorid
region suffers from systematic biases. Thisis epecidly true for temperature as the thermocline
layer becomes too diffuse in response to vertical diffuson. At present, the three components of
the NSIPP ODAS do not explicitly account for the modd bias. Rather, like most data
assmilation methods, these agorithms are derived under the assumption that the data errors as
well asthe models errors have unbiased Satistica digtributions. In practice, this seemsto have
repercussions only during the first few andyses during which the initid effect of the temperature
assmilaionisto tighten the thermocline dong the Equator. Once this adjustment has taken
place, the assumption of unbiased forecast errors is gpproximately satisfied and further
improvements caused by the assmilation are mainly the result of correcting the unbiased error
component.

Although the assumption of unbiased modd errors gppears to have only asmall repercusson
over the long run, we have adapted a recent dgorithm (Dee and DaSilva 1998), which is
theoreticaly vaid even with biased prognogtic fields, to the NSIPP ODAS framework. Initiad
tests with the new bias- correction agorithm with the MVENKF indicate that the time-mean
mode fields converge to the time-mean observations faster than when the bias-correction
dgorithmisnot used. Fgure 5.3 illustrates the application of the bias estimation agorithm with
the MVENKF in a 60-day TAO-temperature assmilation experiment starting on January 1, 1996
by showing the evolution of the estimated temperature bias aong the Equeator. The left pands
correspond to the temperature increments. The right panels show the bias estimate. Inthe
absence of apriori information about the modd drift, the initid bias estimate before the first
andysisis zero everywhere. Inthefirst andyss (top pandls), the temperature-field correction is
large (left) and the bias estimate is smdl (right). After about 20 days, the temperature field
corrections have become much smaller than the initid correction as the moded estimate has
improved in response to the earlier analyses. Between 20 days and 60 days, the bias estimate
continues to evolve (bottom three right pandls) as more information about the mode error
distribution becomes available, athough the changes are not as important as during the first 20
days of the experiment. We are currently in the process of fine-tuning the bias-correction
scheme in the light of this encouraging initia result and have undertaken experiments to assess
the impact of the bias correction on the quaity of the assmilation products.

Temperature data assimilation

Since the last progress report, we have submitted two articles discussing the gpplication of the
MVENKF to the assmilation into Poseidon of TAO temperature data (Keppenne and Rienecker,
2002a, 2002b). Aswell as documenting our assmilation system, we have undertaken a cross-
vdidation of the multivariate assmilation of temperature data by examining how the corrections
gppliedtothe T, S uand v fiddswhen the TAO-temperature data are processed affect the
accuracy of the modd velocity and surface height fields. Independent acoustic Doppler current
profiler (ADCP) current data.and T/P SSH anomalies were used for this purpose.
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Figure 5.3 Evolution of the temperature increments along the Equator (left) and of the temperature-bias estimate
(right) in a60-day TAO-temperature assimilation experiment with the MvEnKF. From top to bottom: initial
increment and bias estimate after the first analysis (top) followed by increments and bias estimates at 20 days
(second row), 40 days (third row) and 60 days (bottom).
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One of the important issues with the MVENKF isthe vdidity of itsforecast error estimates. With
the MVENKF, the error variance (main diagond of P ") is estimated by measuring the ensemble
spread. Figure 5.4 shows how the ratio of the root-means-square (RMS) ensemble spread for
temperature (EnRMYS) to the RM S temperature innovation (RMSI) evolves during a three-month
period during which TAO temperature data are assmilated into Poseidon every five days. The
EnRMSis cdculated before each andysis, after interpolation of the modd temperature field to
the location of each TAO measurement. It estimates the RM S forecast error for temperature. Its
ratio to the RMS isthus an indicator of how well the ensemble spread accurately predictsthe
RMS error.

RMS ensemble spread/RMS innovation

Jan 93 Feb 93 Mar 93

Figure 5.4 Evolution of theratio of the RMS ensemble spread for temperature (taken at the location of each
measurement) to the RM S temperature innovation during athree-month TA O-temperature assimilation experiment.
The diamondsindicate the time of each analysis.

Theratio of the EnNRMSto the RMSI dropsto avaue of 0.98 between the first and fourth
andyses. Hence, the ensemble spread isin good agreement with the actud errors at the time of
the fourth assmilation. After thefifth andyssthe RMSratio kegps declining, abeit more
dowly than between the firgt and fifth anadlyses. Moreover, the rate at which the RMS ratio
declines between two successve andysesis roughly congtant after the fifth andyss. A plausible
explanation is that the process-noise model does not account for enough variability since, at
present, the system noise is represented soldy by modeling the errors in the surface wind stress
and heat flux forcing. In order for the RMSratio to stay close to unity until the end of the
experiment, it will be necessary to include aterm to smulate the mode errorsin the system
noise representation. Such a system noise representation isin development. Without it, the data
assmilation would eventudly fall if the experiment were continued for severd years. The

failure would result from the MVENKF gradually attributing less weight to the observations even
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though the forecast does not become gradually more accurate after the RM S| has reached a
steady state.

Ongoing devel opments

Following the promising results encountered in using the MVENKF to process observations with
the Pacific basin verson of Posaidon, our highest priority now isto apply the dgorithmsto
assimilate data into the global version of the OGCM--in preparation for integrating the MVENKF
into the NSI PP coupled forecasting system.

6. Land Data Assimilation

Seasond climate forecasting must rely on the correct initidization of the dow components of the
Earth system, namely the oceans and the land surface. At the land surface, soil moisture controls
the partitioning of moisture and energy fluxes to the atmosphere and is akey varidole in weether
and climate prediction. The memory associated with soil moistureislikely the chief source of
forecast kill for mid-latitude continental summer precipitation (Koster et d., 2000).

The main focus of the NSIPP [and assmilation effort has been to assess the relative merits of the
Ensemble Kaman filter (ENKF) and the Extended Kaman filter (EKF) for soil moisiure
initidization within the NSIPP forecast sysem. Both assimilation agorithms take into account
modd aswdl as measurement uncertainties and provide dynamicdly congstent estimates of the
0il moisture gate. In afraternd twin experiment for the south-eastern United States we
assmilated synthetic observations of near-surface soil moisture once every three days, neglecting
horizontd error correations and treeting catchments independently (Reichle et d., 2001). We
cdibrated the mode error variances for both filters such that they perform as best as they can,
using as an aggregate performance measure the sum of the average actud errorsin the surface
excess, the root zone excess, and the catchment deficit (Figure 6.1). After cdibration, both
filters provide satisfactory estimates of soil moisture (Figure 6.2). The average actud estimation
error in the (volumetric) moisture content of the soil profile is 1.64 % for the EKF, 1.62 % (or
1.49 %; or 1.40 %) for the EnKF with 4 (or 10; or 500) ensemble members, and 5.59 % without
assmilation. Thisimpliesthat in our gpplication, the EKF and the EnKF with four ensemble
members are equally accurate a comparable computationa cost. We also demonstrated that
nonlinearitiesin soil processes are treated adequately. While expected error covariances of both
filters are largdy in agreement, they generdly differ from actua esimation errors. Thisis
attributed to the less than perfect representation of the model errorsin our synthetic experiment.

Perhaps the mogt difficult part of implementing any data assmilation method is to determine
gppropriate model error covariances. This problem is confounded by the scarcity of independent
data that would dlow usto verify the soil moisture estimates from the assmilation sysem on a
globa scae. In our synthetic experiment, we ssimply used the actud errors (estimate minus
synthetic truth) as an objective criterion to select appropriate modd error variances, but thisis of
course impossible when satellite data are assmilated. Fortunatdy, dl data assmilation systems
produce innovations (observations minus modd forecast). Most recently, we have demonstrated
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that the innovations that are produced by our EnKF land assmilation system contain vauable
information about the vaidity of the assumed mode error covariances (Reichle and Kogter,
2002). It turns out that the statistics of the innovations can be used as an indicator of estimation
accuracy and thereby for identifying appropriate model error covariances.

In summary, the key advantages of the EnKF for land assmilation are:

(1) The EnKF performance can be increased by increasing the ensemble size.
(2) The EnKF can account for awider range of mode errors.
(3) The EnKF can be extended to account for horizontal error correlations.

If present, horizontal correlations alow spreading information to unobserved locations.

Because of itsflexibility and its performance in our study, the ENKF isthe more promising
gpproach for soil moisture initidization problems.
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Figure 6.1 Aggregate estimation error as afunction of the model error standard deviations for the (a) EKF and (b)
EnKF with N=10 ensemble members. The differencein scalesin the aggregate estimation error reflects the superior
performance of the EnKF. The difference in scalesin the model error parametersis due to the difference in model
error correlation times (EKF requires white model errors while in the EnKF we use athree-day correlation time).
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Figure 6.2 Time-average error of the moisture content (m.c.) prior to assimilation, for the EKF, and for the EnKF
with N=10 ensemble members. Units are volumetric moisture percent.

7. Atmospheric Model Development
7.1 Atmosphere

Mg or modifications were undertaken in the physica parameterizations used by the NSIPP
atmospheric generd circulation modd (AGCM). These modifications were amed primarily at
improving the modd’s smulation of boundary layer clouds over the ocean, especidly maritime
stratus decks and the stratus - trade cumulus trangition. A prognostic cloud condensate scheme
was implemented, as wdll as a shalow convection/PBL entrainment parameterization scheme.
Changes to existing parameterization schemes, including convection, radiation and turbulence
schemes were aso made.

The prognostic cloud scheme implemented in the NSIPP AGCM borrows from the earlier
schemes of Del Genio et al. (1996) and Sud and Walker (1999). Two sources of cloud
condensate are included - from detraining convection, and from large-scale (or statistical)
condensation. The Satigtical sourceis parameterized by assuming a uniform PDF of specific
humidity, with awidth given by afraction of the locd saturated vaue. Cloud fraction (by
volume) is kept as a prognogtic variable as well as cloud condensate mixing ratios asin Tiedtke
(1993). Thisisespecidly useful in determining cloud fraction produced by convective mass
fluxes

Losses of cloud condensate, |, and cloud fraction occur through of avariety of microphysicd
processes. These processes include autoconversion of cloud water to precipitation (A), collection
or accretion of cloud water by precipitation (C), and evaporation (E) (Figure 7.1).
Autoconverson from cloud condensate to precipitation is formulated asin Sundgvist (1989) and
Sud and Waker (1999). Evaporation of cloud condensate is formulated according to Dl Genio

22



et d. (1996). A fina pathway inthe AGCM water cycle is given by re-evaporation of
precipitation R, which isformulated analogoudy to condensate evaporation.

Precipitating
A+C (Auto-conversion Water subs.
and accretion) (q )
p
Cloud condensate
LS condensation + (I)
convection
Vapor ( q) E (cloud evap)
R (rain reevap)
E (Surface P, (Precipitaton
Evaporation) Flux to surface)
Figure7.1 Schematic of water cyclein AGCM with prognostic

Unfortunatdly, little observationa guidance exigs for the relative globa magnitudes of these
conversion terms (except for E and Pp). Satdlite estimates for the reservoirs g and | exist and
can provide some information. Examples of verticdly integrated converson termsaswel asq
and | from arecent short (5-month) AGCM experiment are shown below in Figure 7.2. The
szes of the verticdly-averaged reservoirs g and | averaged between 40S and 40N are in rough
agreement with satdllite estimates (not shown). The sizes of the losstermsfor liquid water are
comparable to those reported in Rostayn (1999). It isimportant to note that the relative
importance of the conversion termsis sengtive to the choice of tunable parameters. It is possible
to obtain equdly reasonable smulations of q and | with different parameter choices. Careful
tuning of these parameters has yet to be performed.
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Figure 7.2 (a) Total precipitable water from NSIPP AGCM for June 1989 as a function of |atitude and
longitude in kg m?; (b) liquid water pathing m?; (c) SSMI estimate of total precipitable water (kg m?);

(d) ISCCP estimate of cloud liquid water path (g m©) ;(e) vertically integrated source of condensate from
large scale condensation in kg m? d™* ; (f) vertically integrated source of condensate from convection in kg
m? d%; (g) vertically integrated loss of condensate from due to autoconversion in kg m? d™* ; (h) vertically
integrated |oss of condensate from due to evaporation in kg m? d.
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Entrai nment/Shallow Convection

Adequate smulations of maritime sratus decksin AGCMs are as likely to depend on boundary
layer parameterizations as on inclusion of detailed cloud microphysics. Numerous investigators
have suggested that the key to smulating redistic boundary layer cloudsliesin correctly
diagnosing the rate of entrainment at the top of the boundary layer (e.g., Grenier and Bretherton,
2001). Moisture and potentia temperature gradients at the top of the Stratus-capped maritime
boundary layer are strong, so that small differencesin turbulent transport can have alarge impact
on cloud digtributions. Standard dry turbulence schemes tend to underestimate PBL-top
entrainment, leading to overly wet, cool marine BLs and excessive low cloud cover.

The NSIPP AGCM includes asimple 1¥-order, dry PBL scheme (Louis et d., 1983). The
scheme gppears to perform well in many respects, such asinits overdl reproduction of tropica
temperature and moisture profiles. However, without modification, the scheme leadsto
excessve low-leve cloudiness throughout the sub-tropics. Inorder to overcome this problem, a
relaively smple, plume-basad entrainment cal culation was added to the basic Louis scheme.
This cdculation is accomplished using a 1D linearly entraining moist plume model to esimeate

the strength of overshooting moist thermdss originating from the surface layer, (Figure 7.3).

Parcels from above PBL mixinto cloud and
may initiate negatively buoyant cool

downdraft.
Overshooting moist updrafts from A Ad(lj_lggpd Kz
surface begin to detrain where B Wu T?jrlaft trgm
(buoyancy force) < 0. (\5 i p
L — u—Y).
BLto——/—§~\— Decreases to
P — zero within
Wq dry PBL
B Y

Figure 7.3 Schematic diagram of plume based PBL-top entrainment parameterization. Moist
plumes from surface layer penetrate top of BL due to added buoyancy from moist condensation.
Parcels from free atmosphere are forced into cloudy PBL by detraining moist updrafts.
Evaporative cooling can destabilize parcel with respect to surroundings.
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Figure7.4 (a) low level (>700mb) cloud cover for June 1989 from the NSIPP A GCM with prognostic clouds and
PBL entrainment; (b) ISCCP low cloud fraction for June 1989; (c) longitude-pressure section along 26N —
California stratus region— of cloud fraction from the model; and (d) longitude-pressure section along 26N of cloud

condensate mixing ratio (g/kg).

This parameterization isintended to smulate the effects of shallow moist convection and cloud
top entrainment ingtability on boundary layer structure, and, in particular, to capture the break-up
of marine stratus decks over subtropical oceans. Tests with the NSIPP AGCM show some
success in these areas. Figure 7.4 shows maps of low cloud cover aswell longitude-pressure
sections through the Cdifornia stratus region (~26N) from the same model experiment used to
produce Figure 7.2. Comparison with |SCCP data (Figure 7.4b) shows general agreement in
pattern. The modd’s stratus decks are not extensive enough, while midlatitude-polar cloudiness
istoo high. The cross-sections (Figures 7.4c, d) reved what appearsto be a qualitatively
reasonable digtribution of clouds and cloud condensate in the Cdifornia sratusregion. The
smulated cloud decks dope gradudly upward in the west, reaching heights of around 2000m
near 150W, before breaking up into shalow cumulus. Peak condensate mixing ratios are
somewhat low. Itisnot yet clear whether thisis related to microphysical or turbulent processes.
Double ITCZ sensitivity studies
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Along with the introduction of new physical parameterizationsin the NSIPP AGCM, extensve
parameter sweeps were done with the previous “frozen” verson of the modd (patch4, NSIPPL).
The am of these sudies was to identify factors controlling the formation of so-caled double
ITCZsinthe modd tropics.

For mogt of the year, observed rainfal shows asngle ITCZ in both the Pacific and Atlantic that
is located 5-10 degrees north of the Equator. AGCMs frequently show a pronounced second
ITCZ, especidly in the Pecific, a smilar latitudes south of the Equator. Anecdotd evidence
suggests that the appearance or disgppearance of double ITCZsin AGCM smulations may be
sengtive to anumber of convection related parameters. The particular senditivity appears to be
highly modd dependent and the sengitivity found in one mode does not necessarily carry over to
other models. Inthe NSIPP AGCM the double ITCZ responds to changes in microphysica
parameters used within the convection parameterization.
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Figure 7.5 Three season mean precipitation June-August 1988-1990 from two AGCM experiments. Top
panel has rapid autoconversion and weak rain re-evaporation. Bottom panel has slow autoconversion and
strong rain re-evaporation.
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Figure 7.5 shows precipitation from two experiments with different microphysica rate constants
employed within RAS. One experiment (Figure 7.5, top) has efficient convective precipitation,
i.e., rapid autoconversion and weak rain re-evaporation, the second (Figure 7.5, bottom) has
inefficient convective precipitation. The case with high efficiency exhibits a pronounced double
ITCZ, whilein the case with low efficiency asngle ITCZ is present. These experiments used an
earlier verson of the NSIPP AGCM with diagnostic clouds and no PBL entrainment, but recent
experiments with the latest verson of the modd exhibit asmilar sengtivity.

7.2 Land Surface Model Development

Asreported last year, Sarith Mahanama, a post-doctora associate, tested the NSI PP-Catchment
model offline in the Torneg/Kaiz River system in northern Scandinavia as part of the PILPS 2E
project. Thisyear saw the completion of those tests and the further testing of the model acrossa
large section of the Rhone River basin as part of the GSWP Rhone-AGG modd intercomparison
experiment. The catchment model performed quite wdl in both tests.

Mode development this past year has focused on improving runoff generation through improved
treatments of "stormflow" and bassflow, through collaborative work with Marc Stieglitz of
Columbia University. Stormflow is subsurface laterd flow above the main water table (e.g., due
to perched water tables) that responds more dowly to precipitation than surface runoff but much
more quickly than baseflow. Stieglitz's group has developed a smple gpproach for modding
gormflow (Shaman et d., submitted), and a verson of their scheme has been successfully tested
in the NSIPP-Catchment modd. Baseflow generation in the real world is affected by spatid
variability in bedrock depth, which results, for example, from the accumulation of soil in

lowland areas at the expense of hilltops. Working with Stieglitz's group, we have successfully
tested an approach for including this effect in the NSIPP-Catchment modd. Stieglitz's group
was aso indrumenta in the complete recoding of the snow module into a more reliable form that
is aso more suitable for snow data assmilation studies.

Globa datasets of model parameters have been improved. Colin Stark of Columbia University
has provided NSIPP with a rasterized description of catchment locations across the globe, a
dataset much more amenable to manipulation than the polygon description used earlier. Using
Stark's dataset, Sarith Mahanama has processed the catchment topography, soil, and vegetation
information into globa datasets of NSIPP-Catchment model parameters, setting the stage for
AGCM smulations with the NSIPP-Catchment modd. Prdiminary smulations have indeed
been performed with the coupled models. Relative to the Mosaic modd (which is used
operationaly in the NSIPP system), the NSIPP-Catchment model seems to produce less
precipitation over land in many regions, bringing the Imulated precipitation more in line with
observations (Figure 7.6). More work needs to be done in the coming year, however, to evauate
the NSIPP-Catchment modd's behavior in the coupled system.
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July 2001 Precipitation: catchment

Figure 7.6 Firstlook at theimpact of the new land surface scheme on precipitation in the NSIPP system. Top: July
2001 precipitation generated by the NSIPP AGCM coupled to the NSIPP-Catchment model (single realization),
following several years of spin-up. Middle: July 2001 precipitation generated by the NSIPP AGCM coupled to the
Mosaic land surface model (average of 16 realizations), following several years of spin-up. Bottom: Observed July
2001 precipitation from GPCP. Units are mm/day.
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8. Other Investigations
8.1 Equatorial Pacific Waves on Seasonal and I nterannual Timescales

An ocean hindcast for the period of 1988-98 was used to study equatorial wave processes and
ther rolein interannua variaions dong the equator. It was found thet the reflection of the
interannua Rossby waves a the Pacific western boundary is far from the linear theory,
suggesting strong nonlinearity in the western boundary reflection.  In contrast, the reflection of
the Kelvin waves at the Pacific eastern boundary isin perfect agreement with the linear theory.
The western boundary reflection is found to play a very important role in ENSO.

The roles of the Kelvin and Rossby waves in the seasond cycle of the equatorid Pecific were
adsoinvedigated. The reflection of the first baroclinic Kelvin and Rossby long waves &t the
western and eastern boundaries is in good agreement with linear theory. The semi-annud sgnds
in the far eastern equatoria Pacific were strongly influenced by the semi-annua oscillationsin

the far western Pacific. In contrast, the semi-annud oscillationsin the far western Pacific were
influenced very little by the semi-annua signdsin the far eastern Pacific. Ingtead, they were
forced by the loca monsoon and the Rossby waves from the central- eastern equatoria Pacific.

8.2 Atmospheric Circulation and Precipitation Over South America

South American circulation and precipitation are modulated by the Southern Oscillation (SO) in
interannua timescales and by the South Atlantic Convergence Zone (SACZ) and fronta
passages on submonthly timescales. Observed and reandysis datasets, as well as NSIPP1
gmulations are being used to study how the SO and SACZ affect the South American low-leve
jet (SALLJ), the Amazon and Atlantic Intertropica Convergence Zones (ITCZs), the water
budget over South America, and the precipitation and convective system formation over South
America

SO-Related South American Circulation and Precipitation Variability and Predictability

NSIPP1 AMIP-style smulations reproduce the mean observed JFM circulation over South
Americaduring norma years. During Nifio years the AMIP smulations capture the observed
enhanced trade winds and decreased precipitation in the Amazon Basin and Atlantic ITCZ, as
well as the observed enhancement of the SALLJ and some of the observed enhancement of
precipitation in subtropica South America

A 20-year long NSIPP1 'perpetud Nifio' smulation was produced by forcing the modd with
SSTsthat conasted of climatologica SSTs plus Pecific Nifio SST anomalies. The results
obtained in the ‘perpetud Nifio' Smulation were very smilar to those of the Nifio yearsin the
AMIP smulation, suggesting that Pacific Ocean SST anomalies aone determine most of the
observed strengthening of the South American Monsoon System observed during Nifio years.
Thisincludes the strengthening of the SALLJ, the increase in trade easterlies and decrease in
precipitation in the Atlantic ITCZ and Amazon Basin, and, to alesser extent, theincrease in
precipitation over subtropica South America.

Prdiminary andyss of the NSIPP1 Dynamica Seasond Prediction smulations suggests that
there is hope for predictability of the summertime precipitation and circulation in South America.
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Theinterannua variability of the tropica precipitation and circulation in South Americaand
adjoining oceans is dominated by signd, thet is, by the interannud variability of SST anomdies.
The SALLJand SACZ are less predictable because they are strongly influenced by baroclinic
waves whose nature is much more chaotic.

Variability of South American Convective Cloud Systems and Circulation During January-
March 1998 and 1999

According to the NCEP reanaysis, the South American low-level jet (SALLJ) was nearly twice
as strong during January-March (JFM) of the 1998 El Nifio episode than during JFM of the 1999
LaNifaepisode. The differencein SALLJ strength between these two years trandated into a
stronger trangport of moist tropical ar into the subtropics during JFM 98 than during JFM99. An
objective andysis technique was used to identify large, long-lived convective cloud sysemsin
infrared imagery. The stronger SALLJ resulted in larger and more numerous convective cloud
systems and nearly twice as much rainfdl in subtropica South America (parts of Southern

Brazil, Uruguay, and Argenting) during JFM 98 than during JFM99. The difference between
JFM98 and JFM99 SAL L J grength in Boliviais explained in part by submonthly variability
asociated with the SACZ, but dso by interannud variability associated with the Southern
Ogcillation.

In the tropica portions of South America nearly six times more convective cloud systems were
observed during JFM 99 than during JFM 98. This was accompanied by more plentiful
precipitation in the Amazon basin and in the Bolivian Altiplano during JFM99 than during
JFM98. Interannua variability associated with the Southern Oscillation was an important
contributor to the observed convective cloud system and precipitation differencesin tropical
South America
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